Abstract. An assessment is made of the dominant processes governing the circulation in a 30 km by 40 km area off the coast of Cape Hatteras, North Carolina, where surface current velocity vectors have been obtained using shore-based high-frequency radars in the High Resolution Remote Sensing experiment in 1993. Although the currents in this region are constantly under the influence of winds and tides, frequent intrusion of energetic flows into the area, apparently mostly of Gulf Stream origin, is shown to have a strong influence on the current variability. Analysis of vorticity and divergence shows that the flow intruding into the area is strongly rotational with positive vorticity. This rotational motion is not in geostrophic balance with the surface pressure gradient, and an inertial oscillation is often excited as a result, with vorticity and divergence oscillating 90 ø out of phase. On average the geostrophic imbalance generates a net surface flow divergence, which, in turn, induces negative vorticity that more than offsets the positive vorticity advected into the region. However, vertical viscous transfer of positive vorticity from subsurface to surface is shown to be required to complete the surface vorticity balance; the same energetic cyclonic shear flows that intrude into the area are suggested as the source of the subsurface vorticity as these flows of Gulf Stream origin are known to be subducted under buoyant shelf water. The continuous, synoptic surface current observation provided by the shore-based OSCR system has made it possible in the studies cited above to obtain descriptions of highly variable coastal flow phenomena, which are difficult to obtain otherwise by in situ means. However, in addition to resolving the variability, the OSCR measurement contains quantitative information about the underlying physical processes of the evolving flow, as the resolved current velocities can be readily differentiated spatially and temporally to obtain gradient quantities appearing in the governing equations of motion. While Shay et al. [1998b] showed the importance of the relative vorticity field associated with the low-frequency surface flow on near-inertial motions, treatments involving spatial gradients and their relevance to the dynamic balance have not been fully explored.
Introduction
In recent years, remotely sensed coastal sea surface currents have been acquired synoptically over a wide area of several tens of kilometers squared with shore-based high-frequency (HF) Doppler radar. This technique of observing current has been utilized by the Ocean Surface Current Radar (OSCR) system [King et al., 1984] 
Data
The OSCR velocity data analyzed in this paper were obtained during the High Resolution Remote Sensing experiment (HIRES-2), which was conducted on the continental shelf offshore of Cape Hatteras in 1993 from June 10 through June 26. The experiment, jointly sponsored by the Office of Naval Research and the Naval Research Laboratory, was designed to obtain high-resolution radar images of the sea surface by using airborne microwave band radar and simultaneously to collect in situ hydrographic data from ships and surface velocity data from the OSCR onshore to assist in the interpretation of the imagery.
The HIRES-2 experiment was conducted on a relatively flat portion of the continental shelf, where the mean water depth is --•30 m and the bottom slope is <10 -3. The OSCR measure- The reason has to do with the radar measurement technique. Because the technique relies on the detection of the Doppler shift in the frequency spectrum of gravity waves on a moving sea surface, all spectral information on the Doppler shift within the resolved area is required to make the vector estimate; moreover, because the penetration depth of the primary waves detected by the HF radar is --•0.5 m, the measured Doppler shift represents a net effect of currents on the waves in this surface layer. Such estimates of the surface current velocity are generated by the OSCR system at 20 min. intervals. The measurement of the velocity vector necessitates the use of two alongshore HF radars so that two distinct velocity components can be obtained at a point on the sea surface from two different radar look angles. The locations of the two radars chosen to achieve the optimal coverage and resolution of the velocity vector fields from the HIRES-2 experiment are set at 24 km apart and are marked in Figure 1 .
The accuracy issue of the OSCR technique has been recently addressed in several studies. Chapman et al. [1997] compared the OSCR measurement in HIRES-2 to several independent in situ velocity measurements made near the sea surface from the ships using shipboard and towed acoustic Doppler current profilers (ADCP) as well as a towed three-axis ultrasonic current meters. After accounting for the differences in the depth and the spatiotemporal resolution between the different sensors they concluded that the error of the OSCR measurement is no more than 7-8 cm s - In addition to the wind and tidal forcing, the Gulf Stream water also intermittently intrudes into the experimental area. An example of this is shown with two velocity vector maps spaced 20 hours apart in Figure 3c . The intrusion appears in the maps as a high-velocity zone that emerges from the southeast and spreads northwestward. The water in the high speed zone has been shown by direct in situ hydrographic measurements made during this time period to be of Gulf Stream origin. This particular intrusion event, in fact, has been analyzed by Marmorino et al. [1998] . With the aid of additional synoptic high-resolution radar images they were able to map the velocity front in detail not resolved on the 1 km scale of the OSCR system. It is shown that the intruding velocity front is 
Vorticity and Divergence Field
Despite their obvious influence, winds and tides occurring during the experiment do not appear to have contributed significantly to the observed surface velocity gradients in the experimental area. This is evident in the spatially differentiated velocity fields, specifically, vorticity and divergence, which are the descriptors of surface rotational and irrotational motions, respectively. The definitions for vorticity • and divergence 4> Intrusion of the Gulf Stream water into the experimental area clearly induces large vorticity changes, as suggested in the space/time variability. However, it is evident that there is also a significant amount of variability not attributable to intrusion in the surface velocity gradients. In the following the processes that underlie the observed vorticity and divergence variability are assessed within the constructs of the momentum equations.
Governing Equations
The equations that govern the evolution of the surface vorticity and divergence fields are readily obtained from the surface momentum equations. For the present analysis it is necessary to obtain the equations in area/time-averaged form with velocity data, so that the data noise is minimized in the evaluation of the vorticity and divergence terms. In section 5.1 the area/time averaged form of the governing equations is given and the approximations are made. In section 5.2, the procedure used to estimate the magnitudes of the terms in the governing vorticity and divergence equations is described.
Formulation
The shallow water hydrostatic approximation is applicable to the kilometer-scale current motion resolved by OSCR as the mean water depth in the experimental area is ---30 m and the bottom slope is <10 -3 . In this case the horizontal pressure gradient along the sea surface is equivalent to the gradient of the sea surface height • times the gravitational constant #: 
where the divergence 45 is as defined in (2) and R q, is the 45 diffusion.
Equations ( The inaccuracy in estimating the terms, however, can be avoided to a large extent by limiting the analysis to the resolved lower-frequency larger-scale motion from HF radar and rewriting (6) and (7) Motions at all timescales longer than that of the semidiurnal tides contribute to the temporal change of C and D in the time series (Figure 6 ) derived from 6 hour-filtered data. However, the processes that produce the temporal changes can be assessed here only for dynamics having timescales of the inertial period and longer because of the additional time averaging with Ar = 12 hours required to improve the estimation of the nonlinear terms in (11) and (12) as discussed in section 5.2. Also, because of the large uncertainty inherent in the estimation of nonlinear terms, it is not feasible to evaluate (11) and (12) in finer detail for separate inertial and subinertial components of the flow evolution at timescales >12 hours. Separation into these temporal components requires additional F, C•, and E-like nonlinear terms to be added into (11) and (12) to account for the interaction between the components. The inaccuracy of these additional nonlinear terms adding onto the already large uncertainty in the existing F, C•, and E terms degrades the reliability of computed vorticity and divergence balance.
In the study here the assessment of the dynamics is carried out for the total flow field described by the vorticity and divergence balance equations (11) 
Inertial Oscillatory Motion
The first large positive vorticity peak in Figure 7 and the subsequent decline of the vorticity to a negative minimum is an example of inertial oscillatory motion due to the Coriolis effect that begins prior to the large positive vorticity increase. The surface vorticity in area 2 can be generated by the viscous process, when wind stress imparts vorticity directly onto the sea surface or when a horizontal or vertical vorticity gradient exists such that the vorticity is diffused into the area from the outside or to the surface layer from below. For the wind to generate positive C in area 2 via the viscous process the curl of wind stress has to be consistently cyclonic. Such a cyclonic stress does not appear to be realized in area 2, given that the wind in the area rotates mostly in the anticyclonic direction during the experimental period (Figure 2) . The possibility of horizontal diffusion as a source of vorticity cannot be ruled out as there exists on average a northwest to southeast vorticity gradient in the experimental area. However, the evaluation of the horizontal Laplacian of the surface vorticity indicates that the vorticity gradient is probably too weak to produce diffusion of the kind of magnitude given by R c. In Table 2 the mean vorticity balance (11) over the duration of the experiment is given for the three areas on the basis of A•--25 days. In Table 2 
